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Abstract—To clarify the ontogenetic 
changes in antipredator behavior 
of juvenile white rockfish (Sebastes 
cheni), effects of light intensity (0.1, 
1, 10, 100, 1000, and 10,000 lx) and 
body size (23.4, 30.3, 41.1, 49.4 and 
58.6 mm in total length [TL]) on 
swimming (cruising [swimming] 
speed [CS] and burst [swimming] 
speed [BS]) and schooling behavior 
(nearest neighbor distance [NND] 
and separation angle [SA]) were ex-
amined under laboratory conditions. 
The CS was higher under higher 
light intensities for all length class-
es. The BS increased with increas-
es in fish body size at the highest 
light intensity although there was 
no significant effect of body size at 
the lowest light intensity. The NND 
was largest for the smallest fish-size 
class at all light intensities. The ef-
fects of light intensity and fish body 
size on SA were not significant. 
Schooling behavior of the juvenile 
white rockfish was determined to 
begin to develop at body sizes >30 
mm TL. In this study, we found the 
ability of juvenile white rockfish to 
avoid predation through schooling 
behavior to be minimal in compari-
son with other species because the 
instinct appears to not be well devel-
oped during the early postsettlement 
period (20–30 mm TL).

Vegetated habitats, such as seagrass 
and macroalgae beds, are recognized 
as critical habitat for a variety of 
fish species because they serve as 
feeding grounds and refuges from 
predation for early life stages of fish-
es (Heck and Orth, 2006). However, 
observations of higher abundances of 
piscivorous fishes during night than 
during the day in recent field sur-
veys have indicated that larval and 
juvenile fishes are exposed to higher 
rates of mortality (owing to preda-
tion at night in vegetated habitats) 
than rates of mortality owing to pre-
dation during the day in these habi-
tats (Hindell et al., 2000; Guest et 
al., 2003). In addition, stomach con-
tent analyses of piscivorous fishes, 
coupled with tethering experiments 
in seagrass beds in the Seto Inland 
Sea off southwestern Japan, have 
revealed that the predation rate on 
juvenile white rockfish (Sebastes 
cheni) by piscivorous fishes was sig-
nificantly higher at night than dur-
ing the day (Kinoshita et al., 2012). 
Throughout this article, we refer to 
Sebastes cheni as “white rockfish” to 
reduce confusion with other common 
names applied to this and other spe-

cies of Sebastes. For example, S. che-
ni has been called “black rockfish” in 
other publications, but that common 
name is used in the United States 
and Canada for a different species, 
S. melanops. Other common names 
for S. cheni are “rockfish,” “Japanese 
black rockfish,” “white seapearch” 
and “shiro-mebaru.”

The recent observations noted 
in the previous paragraph suggest 
that a re-evaluation is needed for a 
common understanding that aquatic 
macrophytes have a function as a 
refuge from predation for juvenile 
fishes (e.g., Petr, 2000)—a notion that 
has been established mainly on the 
basis of observations during the day. 
Comprehensive analysis of predator–
prey interactions during both day 
and night, with a focus on possible 
diurnal changes in both predator and 
prey behaviors, would help us better 
understand the survival mechanisms 
of early life stages of fishes in these 
habitats.

Rockfishes (Sebastes spp.) are dis-
tributed widely in coastal waters of 
the western North Pacific and are 
commercially and recreationally im-
portant species (Love et al., 1991; 
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Jones et al., 2012). A recent taxonomic review of speci-
mens considered to be Sebastes inermis has provided 
evidence that they are a species group of 3 congeners: 
S. inermis, S. ventricosus, and S. cheni on the basis of 
morphological and genetic analyses (Kai and Nakabo, 
2008). Sebastes cheni dominates the fish community of 
the vegetated habitats (seagrass and macroalgal beds) 
in coastal waters of the Seto Inland Sea, off south-
western Japan (Kamimura and Shoji 2009; Kamimura 
et al., 2011). Juveniles settle in vegetated habitats at 
~20 mm in total length (TL) and grow to 60 mm TL in 
their first summer. Juveniles of several Sebastes spe-
cies have been shown to exhibit a strong association 
with seagrass and macroalgae during the postsettle-
ment period, inhabiting substrates, such as kelp and 
rocky reef, until they reach a body size of >60 mm TL 
(Love et al., 1991, 2002; Plaza et al., 2002; Dauble et 
al., 2012). Recent surveys have indicated that survival 
during the substrate-associated period has the poten-
tial to determine the abundance of regional Sebastes 
stocks in the eastern and western North Pacific (Ad-
ams and Howard, 1996; Laidig et al., 2007; Kamimura 
and Shoji, 2013).

Predation is considered one of the most impor-
tant sources of mortality during the early life stages 
of fishes (Houde, 1987). The instantaneous predation 
rate of juvenile white rockfish during night in sea-
grass beds in the Seto Inland Sea was ~5.1% in a 
study conducted in 2009–2011 (Kinoshita et al., 2012). 
Furthermore, size-selective predation, by which white 
rockfish juveniles <30 mm TL were eaten more fre-
quently than those >30 mm TL, was observed during 
night in the macroalgal bed (Kinoshita et al., 2014). 
Generally, ontogenetic improvement in swimming and 
schooling behaviors during the early life of fishes is 
believed to enhance fish survival by the development 
of antipredator behavior (Masuda and Tsukamoto, 
1998). Information on how the interactions between 
juvenile white rockfish at various sizes and diurnal 
changes in their behavior affect predation probability 
is indispensable for the formation of a comprehen-
sive understanding of survival mechanism in juvenile 
habitats.

In our study, effects of body size and light inten-
sity on swimming and schooling behaviors of juvenile 
white rockfish were examined under laboratory condi-
tions. We hypothesized that swimming and schooling 
behaviors develop during the juvenile period and that 
the effect of light condition on these behaviors begins 
to operate during this period. In addition, antipredator 
behaviors among species were compared by using data 
reported for other species in previous studies.

Materials and methods

Experimental fish

White rockfish larvae and juveniles reared at the Hi-
roshima Prefectural Farming Fisheries Center were 

used for our experiments. Larvae were extruded from 
adult white rockfish (4–6 years old) on 5–9 January 
2012. Mean larval TL at extrusion was 6.4 mm. Roti-
fers (Brachionus sp.) were given to fish as feed from 
day 0 to 55, and the food supply for fish included 
brine shrimp (Artemia sp.) nauplii from day 13 to 
80, frozen copepods from day 25 to day 80, and dry 
pellet from day 50 to day 151 (Fig. 1). Water tem-
perature of the rearing tanks increased from 11°C 
to 17°C during the experiments. To investigate the 
ontogenetic changes in swimming and schooling be-
haviors, experiments were conducted with fish in 5 
length classes, covering the postsettlement stage (20–
60 mm TL): 1) 23.4 mm TL (standard deviation [SD] 
1.4) by day 61; 2) 30.3 mm TL (SD 3.1) by day 78; 3) 
41.1 mm TL (SD 2.4) by day 112; 4) 49.4 mm TL (SD 
2.8) by day 140; and 5) 58.6 mm TL (SD 2.9) by day 
151 (Fig. 1).

Lux (lx) was used as the light intensity unit for 
comparison of behaviors of other fish species in pre-
vious studies. Six levels of light intensity (0.1, 1, 
10, 100, 1000, and 10,000 lx) were set by using 1–5 
incandescent bulbs (40 or 500 W) and translucent 
black vinyl sheets, which allowed some light to pass 
through them, in an experimental room (1.8×0.9×1.8 
m). Light intensity was measured with a digital light 

Figure 1
Growth of larval and juvenile white rockfish (Sebastes 
cheni) in the laboratory experiments conducted in 2012 
to determine the development of swimming speed and 
schooling behavior of white rockfish in relation to light 
intensity. Error bars indicate standard deviation, and 
arrows indicate day of experiment. Shaded bars indi-
cate feeding schedule, during which rotifers (Brachio-
nus sp.) were supplied from day 0 to day 55, brine 
shrimp (Artemia sp.) nauplii from day 13 to day 80, 
frozen copepods from day 25 to day 80, and dry pellets 
from day 50 to day 151.
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meter (400-TST-902, Sanwa Supply Inc.1, Okayama, 
Japan) at the surface of each tank. A video camera 
(Handycam DCR-DVD505, Sony Corp.) was mounted 
vertically above the center of the experimental tanks 
to record fish behavior. Red light was used for ob-
servations at 0.1 and 1 lx. Fish were not fed for 1 
day before the experiments. No fish died during these 
experiments.

Experiment 1

Two circular polycarbonate tanks of different sizes 
were used for the experiments, and fish were put in 
one of the tanks depending on fish size. A 30-L tank, 
with a water depth of 28 cm, was used for the experi-
ment with fish at 23.4, 30.3, and 41.1 mm TL, and a 
100-L tank, with a water depth of 40 cm, was used 
for the experiment with fish at 49.4 and 58.6 mm TL. 
Fish behavior was observed under 6 light levels (0.1, 1, 
10, 100, 1000, and 10,000 lx). Twenty fish in each size 
group were introduced into each tank and were accli-
mated for 1 h at 100 lx, a level that approximates the 
light intensity in their natural habitat (seagrass and 
macro-algal beds) during day. Fish were acclimated at 
each light intensity for 30 min before each observation.

Fish behavior was recorded for 5 min by the video 
camera. Fish behavior observed in the 10 s of video 
collected immediately after the first 1 min of record-
ing was used for analysis of cruising speed (CS). Two 
parameters of schooling behavior, nearest neighbor dis-
tance (NND) and separation angle (SA), were defined 
according to the method described by Masuda et al. 
(2003). NND and SA are descriptors of parallel orien-
tation and aggregation, respectively, calculated from a 
still frame of video at 1 min from the start of record-
ing. NND was divided by TL to facilitate the compari-
son among different size groups. SA, ranging from 0° 
to 180°, was expected to be 90° when fish were located 
in a random direction and was expected to decrease 
as they developed a parallel orientation. Aeration was 
stopped during this experiment. Individual fish were 
used in only one treatment and were not reused in this 
study.

Experiment 2

Burst [swimming] speed (BS) was measured by using 
sound stimuli according to the methods in Masuda et 
al. (2002). A 10-L, circular, polycarbonate tank, with a 
water depth of 15 cm, was used for observations of fish 
in all size classes. Ten fish were introduced into the 
tank and were kept for 1 h at 100 lx for acclimation. 
The fish were acclimated for 30 min under experimen-
tal light intensity before the start of each experiment. 
A sound stimulus was produced with a steel nut (10 g) 
hung by a string (40 cm); the nut was released from a 

1	Mention of trade names or commercial companies is for iden-
tification purposes only and does not imply endorsement by 
the National Marine Fisheries Service, NOAA.

distance of 20 cm from the side of the tank to hit the 
tank wall. The experiment was conducted at the low-
est and highest light intensities (0.1 and 10,000 lx). 
The BS was calculated from the distance of fish move-
ment for 0.25 s after the sound stimulus. Aeration was 
stopped during the experiment. Individual fish were 
used in only one treatment and were not reused in this 
study.

Statistic

The CS, NND, and SA of juvenile white rockfish were 
compared at the different light intensities (6 levels) 
within the same size class and among results for fish 
in different size classes within the same light intensity 
by means of Kruskal-Wallis tests with Steel-Dwass’s 
tests for multiple comparisons. BS was compared for 
fish at the different light intensities (2 levels) within 
the same size class by the Wilcoxon test and among 
results for fish in the different size classes within the 
same light intensity by the Kruskal-Wallis test with 
Steel-Dwass’s test for multiple comparisons. All these 
statistical analyses were performed with the software 
programs R, vers. 3.1.1 (R Core Team, 2014) and JMP, 
vers. 8, (SAS Institute Inc., Cary, NC).

Results

Mean CS was highest under higher light intensi-
ties (1000 or 10,000 lx) within all size classes of fish 
(Fig. 2). There was a significant effect of light intensity 
on CS in each fish size class (Kruskal-Wallis test with 
Steel-Dwass’s test for multiple comparisons: P<0.001). 
For fish within the same light intensity, size had a sig-
nificant effect on CS. Across all light intensities, the CS 
of fish in the 2 largest size classes (49.4 and 58.6 mm 
TL) was significantly larger than the CS of fish in the 
smaller size classes (P<0.001).

Mean NND decreased as fish grew. At 23.4 and 30.3 
mm TL, the NND under 0.1 lx was significantly greater 
than that under 100 lx (Kruskal-Wallis test with Steel-
Dwass’s test for multiple comparisons: P<0.001; Fig. 3). 
Light treatment had no significant effect on NND in 
the three largest fish size classes (41.1, 49.4, and 58.6 
mm TL: P>0.05). Within the same light intensity, the 
NNDs of the one (23.4 mm TL under 1 and 10 lx) or 
two smallest size classes (23.4 and 30.3 mm TL under 
0.1 and 10,000 lx) were significantly greater than those 
of other size classes (P<0.001).

The variability in SA within size and light-intensity 
groups was large enough that no significant effect of 
light intensity and fish size was detected (Kruskal-Wal-
lis test: P>0.05). Mean values of SA ranged between 
29.8° (SD 17.7) for fish under 100 lx and in the size 
class of 49.4 mm TL and 102.0° (SD 51.6) for fish under 
0.1 lx and in the size class of 30.3 mm TL (Fig. 4).

The effect of fish size on BS was significant under the 
highest light intensity of 10,000 lx (Kruskal-Wallis test: 
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P<0.05), but no size effect was detected under the lowest 
light intensity of 0.1 lx (Kruskal-Wallis test: P>0.05). 
The BS under the lowest light intensity was significantly 
lower than BS under the highest light intensity for fish 
in all size classes tested (Wilcoxon test: P<0.05 for fish 
23.4–49.4 mm TL and P<0.01 for fish 58.6 mm TL; Fig. 5).

Discussion

Cruising [swimming] speed 

Changes in CS and adaptation to low-light conditions 
have been reported in larvae and juveniles of a vari-
ety of fish species (Blaxter, 1968; Batty et al., 1990; 
Miyazaki et al., 2000). In general, CS increases with 
increases in body size of larval and juvenile fishes. De-
velopment of their sensory organs enables larger ju-
venile fishes to be more active under dark conditions. 
The results from a comparison of CS among groups of 
fish of different body sizes in different light conditions 
in this study indicated that the CS of white rockfish 
juveniles <41.1 mm TL was lower under low light con-
ditions than under greater light intensities. The CS of 
fish >41.1 mm TL increased in relation to speeds of 
smaller fish at all light intensities.

Mean CS was slowest for juvenile white rockfish 
under intermediate light intensity in the 2 largest 
size classes: 49.4 mm TL under 10 lx and 58.6 mm 
TL under 1 lx. In a previous laboratory experiment, 
white trevally (Pseudocaranx dentex) juveniles were 
reported to have swum along the tank wall under to-
tal darkness at a CS faster than their CS at a higher 
light intensity (0.1 lx; Miyazaki et al., 2000). In our 
study, similar swimming behavior was observed in ju-
venile white rockfish at 49.4 and 58.6 mm TL under 
0.1 lx (H. Nakano, personal observ.). Swimming may 
help white rockfish juveniles maintain stable NND 
under lowest light intensity (0.1 lx in this study) by 
providing motion cues to the lateral-line sensors of 
the fish: by contrast, they likely are able to maintain 
NND under intermediate light conditions (e.g., 1–10 
lx) by using their vision. In general, juvenile fishes de-
velop swimming and schooling behaviors under dark 
conditions with the formation of their lateral lines, a 
change that enables them to keep favorable distance 
from other fishes without strong visual cues (Masuda, 
2006; Miyazaki et al., 2000). Development of lateral 
lines at 30–40 mm TL (Suzuki and Aida, 1999) may 
relate to the increase in CS observed in our study for 
white rockfish juveniles under the low light conditions 
(0.1–1 lx in this study).

Figure 2
Cruising [swimming] speed (CS; measured in millimeters per 
second) of juvenile white rockfish (Sebastes cheni) at each 
size class (total length in millimeters) under different light 
conditions (from 0.1 to 10,000 lx). Error bars indicate stan-
dard deviations and letters indicate significant difference in 
CS among fish at different light conditions within the same 
size class (Kruskal-Wallis test with Steel-Dwass’s test as 
post-hoc test: P<0.001).

Total length (mm)

C
S

 (
m

m
/s

)



Nakano et al.:  Development of swimming speed and schooling behavior in juvenile Sebastes cheni 	 125

Figure 3
Nearest neighbor distance (NND), which was measured in millimeters 
and divided by total length (TL) to facilitate comparison among size 
classes of juvenile white rockfish (Sebastes cheni) at each size class (TL 
in millimeters) under different light conditions (from 0.1 to 10,000 lx). 
Error bars indicate standard deviations, and letters indicate significant 
difference in NND among fish at different light conditions within the 
same size class (Kruskal-Wallis test with Steel-Dwass’s test as post-
hoc: P<0.001). NS indicates that no significant difference was observed 
for fish within the same size class (P>0.05).
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Figure 4
Separation angle (SA), measured in degrees, of juvenile white rockfish (Se-
bastes cheni) at each size class (total length in millimeters) under different 
light conditions (from 0.1 to 10,000 lx). Error bars indicate standard devia-
tions. The effect of light condition on SA was not significant within each 
size class (Kruskal-Wallis test: P>0.05).
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Schooling behavior

The NND and SA have been referred to as indices of 
the density of individual fish and the orderliness of a 
fish school (Masuda, 2006; Miyazaki et al., 2000). De-
velopment of schooling behavior has been observed to 
decrease predation risk of larval and juvenile fishes 
(Masuda, 2006, 2011). The sizes of experimental tanks 
were expected to affect the NND with smaller values in 
smaller tank sizes. The NND of juvenile white rockfish 
at 30.3 mm TL (tank size: 30 L) was greater than val-
ues observed for fish at larger sizes (49.4 and 58.6 mm 
TL) that were put in larger tanks (100 L) in our study. 
These results indicate that the decrease in NND for 
fish at larger sizes was not attributed to the difference 
in tank size in our experiments.

Compared with data from tank experiments avail-
able for other fish species at similar body lengths and 
light conditions, NNDs of juvenile white rockfish from 
our study were greater. The NND (absolute value in 
millimeters) of white trevally juveniles in a previous 
experiment was 15.5 mm (SD 1.4) at 20 mm TL (Mi-
yazaki et al., 2000), a much shorter NND than that 
of juvenile white rockfish (62.5 mm [SD 27.9] at 23.4 
mm TL) in our study under the same light intensity 
(0.1 lx). The standardized NND (divided by fish total 
length) was also smaller in white trevally (0.75 mm 
TL–1 at 20 mm TL) than in white rockfish (2.69 mm 
TL–1 at 23.4 mm TL). The decrease in NND with in-
crease in body size (from 23.4 to 41.1 mm TL) indi-
cates the development of school formation. The ability 
of white rockfish juveniles to avoid predation through 

Figure 5
Burst [swimming] speed (BS; measured in millimeters per sec-
ond) of juvenile white rockfish (Sebastes cheni) in each size class 
(total length in millimeters). Error bars indicate standard de-
viations. The effect of fish length on BS was significant only at 
the light intensity of 10,000 lx (Kruskal-Wallis test, P<0.05). As-
terisks indicate significant difference in BS between the treat-
ments with different light intensities (Wilcoxon test: * P<0.05; 
** P<0.01).
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the use of schooling behavior would be mini-
mal during the postsettlement period (about 
20–40 mm TL) compared with the ability of 
white trevally because that behavior is not 
well developed in white rockfish.

It has been suggested that development of 
mechanosensory organs, such as lateral lines, 
contribute to decreases in NND in school for-
mations of juvenile fish (Masuda and Tsuka-
moto, 1998). Formation of scales and change 
in body color both have been reported to occur 
in cultured rockfishes at about 30 mm TL, the 
size at which physiological and morphological 
metamorphosis is complete (Suzuki and Aida, 
1999; Nagasawa, 2001). The decrease in NND 
observed for fish up to 41.1 mm TL at all light 
levels in our study appears to coincide with 
the size at which white rockfish complete their 
metamorphosis from larvae to juveniles. For 
fish in the size classes of 23.4 and 30.3 mm 
TL, the NND was shortest under intermediate 
light intensity (100 lx). Juvenile white rockfish 
of these sizes are considered daylight feed-
ers (Shoji et al., 2011) and swim faster under 
high light intensities than under intermedi-
ate intensities, when compared with the same 
size class. It seems that small juveniles can-
not form schools with small NNDs under low 

light conditions because the complete sensory functions 
of the eyes and lateral lines are undeveloped at the 
2 smallest size classes (Suzuki and Aida, 1999; Naga-
sawa, 2001).

Separation angle of fish in early life stages is a proxy 
of orderliness of a fish school (Masuda et al, 2003). 
Japanese anchovy (Engraulis japonicus) juveniles form 
schools with SAs <30° (Masuda, 2011). Juveniles of a 
piscivorous fish, Japanese Spanish mackerel (Scomb-
eromorus niphonius), form schools in which individuals 
are more dispersed with an SA of 33–44° (Masuda et 
al., 2003). In our study, SAs observed for white rock-
fish in all length classes and at light intensities tested 
(>40°) were larger than previously reported SAs of oth-
er species. These observations from our study indicate 
that juvenile white rockfish form loosely aligned aggre-
gations that maintain their body angle in inconsistent 
directions during the juvenile period.

Antipredator behavior

Predation rate of juvenile fishes is controlled by the 
probability of encounter with, and capture by, their 
predators (Bailey and Houde, 1989). Capture success 
of predators is affected by the BS of prey fish (Bai-
ley and Houde, 1989). In our study, BS of the juvenile 
white rockfish under the low light intensity (0.1 lx) was 
significantly lower than BS of fish under high light in-
tensity (10,000 lx) in all size classes tested. In addi-
tion, the BS of fish under the highest light intensity 
increased as white rockfish grew, but BS of fish under 
lowest light intensity was stable regardless of juvenile 
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body size. These results indicate that the effect of ju-
venile total length on the BS (a speed that allows for 
prompt reply to predator’s attack) is less during night 
than during day. Small white rockfish juveniles (21.3 
mm TL) in captivity feed during day and are not active 
during night (Shoji et al., 2011). Larger white rockfish 
juveniles begin to feed during night at a body size >80 
mm TL (at 1 year old) when their major prey shifts 
from crustaceans to fish (Kinoshita et al., 2014). The 
low BS observed under low light conditions can be at-
tributed to their low activity during night.

Juveniles of the white rockfish form loosely aligned 
aggregations and maintain their body angle in incon-
sistent directions. The ability of white rockfish juve-
niles to avoid predation through the use of schooling 
behavior would be minimal because the ability of ju-
venile white rockfish to school is not well developed 
during the early postsettlement period (about 20–30 
mm TL). Therefore, juveniles are considered most vul-
nerable to predation during the early postsettlement 
period. School formation develops in juveniles with in-
creasing body length, indicating that vulnerability to 
predation may decrease with growth. The size-selective 
predation (lower predation rate in larger white rockfish 
juveniles) observed in natural habitats during night 
(Kinoshita et al., 2014) could be explained by the devel-
opment of antipredator behavior by juveniles through 
improvement in their schooling behavior as indicated 
by the decrease in NND at >30.3 mm TL. In contrast, 
improvement of swimming performance cannot explain 
the size-selective predation because BSs were not sig-
nificantly higher for fish in the larger size classes at 
the lowest light intensity.
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